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RESUME

i L'6ventualit6 de la deterioration du verre ch. ",- a
d'importantes repercussions, tant sur l'•tude de la r~siste, . ,
materiaux soumis aux chocs thermiques que sur la possibiit. u''li.3erI !le laser pour l'usinage et le traitement thermique du verre.

d~crivons une technique experimentale permettant d.obte. ., !a .n

de repartition de la probabilite d'endommagement du ver-., irr&dii par
. upn laser et nous developpons un module qui predit les distribut ions

de temperature et de contrainte en fonction du temps. Le module
" th~orique ainsi que lea resultats exp~rimentaux montrent que pour des
i•mpulsions laser CO inferieures 'a 1 ms, le processus de d6t6rioration
se manifeste sous f•rme de brisure provoqu~e par l'effort de tension

Sinduit lore du refroidissement sbeunaucufg d'une mince

["'."i couche au del' du point de recuit. (NC)

ABSTRACT

-'-he possibility of failure of laser heated glass has important
implications in experiments on the thermal shock resistance of materials
and in the potential applications of lasers to the machining and
"heat treating of glass. We describe a method of measuring the damage
probability distribution function for laser irradiated glass and
develop a model to predict the temperature and stress distributions
as a function of time. The experiments and model show that for COQ

* laser pulse lengths inferior to 1 ms, the mode of failure is by
fracture under tensile stress induced during cooling after heating

"I a thin layer near the surface beyond the annealing point.,\(U)
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1.0 INTRODUCTTON

Common silica based glasses fail by cracking when irradiated

by CO2 laser pulses at exposure levels above r' 1 J/cm2 . Thisi2
phenomenon can be attributed to tensible stresses induced when a thin

layer, near the surface, cools down after having been heated above

the annealing temperature. A thorough understanding of this effect

requires a detailed knowledge of the absorption phenomenon of

the CO2 radiation, the mechanisms of heat transfer, the viscoelastic

properties, and the causes of glass failure under stress. These

phenomena have important implications in processes involving the

: ,assessment of the thermal shock resistance and heat treatment of glassy

"materials particularly in their laser machining.

To gain an insight into the failure mechanism we conducted

"a series of experiments designed to measure the irradiation required

to initiate damage and we developed a model to predict the observed

levels. We adapted the experimental technique of Hacker and

"Halverson (Ref. 1) f,.r determining the breakdown threshold of glass

when irradiated by 100 ns to 100 us long CO2 laser pulses, This

technique measures the probability distribution function of damage

from which we define the threshold as the irradiation required for

a 50% probability of damage. With a 1-D thermomechanical model,

developed to predict the temperature and stress profiles in irradiated

3amples, we calculated the irradiation required to cause failure.

This work was performed at DREV between January, 1977, and

September, 1980, under PCN 33B06 "Effects of Laser Beams on Materials".

This paper was prepared for publication in Proceedings of the

Third International Sympisium on Gas Flow and Chemical Lasers, les

Editions de Physique, Paris, l9,O.

-- . }
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2.0 EXPERIMENTAL

Damage was induced by a Laflamme type TEA-CO laser (Ref. 2)
2

at 10% of the maximum pulse power. The available energy ranges from

5 to 50 J depending on the pulse length and the discharge voltage

used. The laser operation is multimode on the P20 line with a

SO- x 50-mm output beam.

A series of plane and spherical mirrors folded and focussed

the beam to produce an approximately 10- x 10-mm spot at the target
plane. In addition, a homogenizing reflector, consisting of 32 small

flats mounted on a spherical surface, was incorporated to obtain a
uniformly distributed beam profile. Beam-splitting wedges of NaCt

provided sample beams for monitoring the beam energy and profile,

the pulse shape, and the spectral content. All angles were kept

small to reduce spherical aberration and polarization effects.

We used a multiple-shot, l-on-l technique in which each

sample site was irradiated once by a pulse from the laser. This

avoided cumulative effects which could condition the sample; it

thus ensured that the result of each shot was independent of the

others. A gas cell attenuator (Ref. 3) varied the laser energy from

shot-to-shot, over a narrow range, to obtain about as many damaging

shots as undamaging ones.

Damage consisted of a number of fine cracks appearing within

10 s of the laser pulse; it was detected visually by observing a 2 x-

magnified image of the site projected onto a ground glass screen with

white light. The energy of each shot and the fact that damage occurred

or not was recorded in a digital memory. At the end of an experiment,

IM&
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the data was transferred to DREV main computer for a probit analysis

(Ref. 4). This analysis gave maximum likelihood estimates for the

mean and standard deviation of the damage probability function. The

' !mean, which corresponds to the irradiation required for a 50%

.1 probability of damage, was taken as the threshold. A typical result

is shown in Fig. 1 for w0ich the threshold obtained in soda-lime

. glass was 2.1 J/cm2 for 11 ps-long pulses.

3.0 MODEL CALCULATIONS

To avoid obscuring the physics of the phenomenon of laser

heating and the subsequent induced stress failure in a more complete

t .1analysis, we used several simplifying assumptions. Those included

the use of uncoupled,'quasi-static thermoeleastic theory since

the mechanical energy due to stress was much less than the thermal

energy and since the relative contribution of dynamic stresses to the

total stress was negligible. In calculating the temporal evolution

of the temperature distribution in the heated glass we used

a 1-D model since the laser radiation was absorbed within a distance

much shorter than the dimensions of the laser beam so that variations

in the irradiation over the surface were small compared to the

variations witn depth from the surface. However, the depth of

penetration being small compared to the thickness of the material,

a solution in a semi-infinite plane was adequate. Furthermore,

all thermophysical properties, except viscosity, were assumed to be

temperature independent, and heat transfer with4 n the material was

assumed to be by diffusion only, i.e. transport by thermal radiation,

which significantly occurs only at very high temperatures in glass,

* was ignored. For the surface boundary condition, we assumed that

the rate of heat loss from the surface to the surroundings was

proportional to the above ambient temperature. Under these

--==1

"t' .
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V ~ FIGURE 1I Experimental results for the measurement of the damiagei

threshold of soda-lime glass irradiated by a 11 Us-long

TEA-CO 2laser pulse at 10.6 Pm. The upper left graph i

* a histogram of all laser shots as a function of laser

irradiation (represented by the signal voltage from the

energy meter). The lower left graph is a histogram of

those shots which damaged the surface. In glass the

damage was characterized by the onset of surface cracking.

The upper right graph shows the probability for causing

damage as a function of laser irradiation, The crosses

dividing the histogram of damaging shots by that of the

total number of laser shots. The curve shows the maximum

likelihood estimate of the probability where a normal

* .- *-probability 
density distribution was assumed. The lower

right hand graph is a probit plot of the same data. The

probit is a coordinate transformation which linearizes 
the

probability curve. The dashed lines represent the 95%

confidence limits based on Student's t distribution. The

damage threshold corresponding to the 50% probability

of damage occurs at 0.242 V which corresponds to an

irradiation of 2.1 J/cm 
2

C.
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assumptions, the above ambient temperature, T, satisfies the following

equation,

a 2T/Dz 2-(I/K<T/Bt + (P /kA) exp(-z/A) f(t) 0 [I]
0

"I with the boundary conditions

T = T(z,t), T(-,t) = 0, [21

T(z,O) 0 and k[aT(z,t)/z= = h T(0,t) [3]
z =0

"where K = k/PCp is the thermal diffusivity, k is the thermal

"conductivity, p is the density, C is the heat capacity, h is a

constant describing the surface cooling rate, P is the peak laser

irradiance abso~'bed, f(t) is the laser pulse waveform normalized

so that max f 1, A is the absorption depth of the laser radiation,

t is the time, and z is the depth from the surface. The solution

resulting from Duhamels' theorem is 4
tI

he (z,t) 01 (z'tl)/Dt']t=t-T f(-) d- [4]

where o(Z,t) is the solution for a step pulse:

0 ,(z,t) -exp.(-a) + F(-a,b) 2

+[(l+g)/(l-g)]F(a,b)-[2/g(l-g)]F(ag,bg )

+[(l+g)/g] erfc a/2. [5]

• --.% :,.
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2Here io(Z,t) = cpCpT(z,t)/P A, b =Kt/A , g = hA/k, a = z/A,
0 p o

F(a,b) = 0.5 exp (a+b) erfc (VV + a/2v') and erfc (x) is the

' , (2/•') exp(-u2 )du

complementary error function, (2/ exp du.

it
In calculating the induced stress (Ref. 5), we assumed that

the glass was a standard linear solid with a temperature dependent

viscosity, n =.n exp Q/(T-To), where n, Q, and To are constants

chosen to fit experimental viscosity data (Ref. 6). Here, T is the

Slctua) temperature.

The solution obtained for the stresses is

(AX C = 0(z,t) = -[Ea/(l-v)]

t

I'(z,t)-exp(-P) T(z,T)aP/9T exp(P) dT] [6]

where 3P/3T E/[6(l-v)n], E is Young's modulus, v is Poisson's ratio

and a is the linear expansion coefficient. All the other components
of stress, a zz, a xy, a xZ, and a yz equal zero.

4.0 RESULTS AND DISCUSSION

The temperature profile calculated for the experimental pulse

of Fig. 2 appears in Fig. 3 where we used Cp = 1254 J/kg.K, A =5 Pm,
3 -72 p 2p= 2470 kg/r , = 3.6 x 10 m2/s, and h = 3 W/m .K (convective losses

in still air). We assumed reflection losses of 10%. For times up to

""1 ms, the heat is confined to within a depth of ',A of the surface.

pZ.
•.)
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FIGURE 2 -Time evolution of the long pulse. The circles represent

points produced by a photon drag detector and measured with

an oscillograph, The curve is a least squares fit to a

function of the form f(t) = a1I exp(-t/a 2) + a 3 exp(-t/a 4 )

where a1= 0.591, a2 =18.4 uis, a 3 = 0.409, and a4 =0.774 v.s.

On the time scale of interest here, the rise time of the pulse

may be considered instantaneous. The equivalent square pulse

length is 11.2 v.s.
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FIGURE 3- Calculated I-D temperature profile in soda-lime glass when

irradiated by a uniformly distributed CO laser beam at room

temperature. The laser irradiation was a 2.1 J/cm , 11.2 ps-
9 2long pulse with a peak irradiance of 1.95 x 10 W/m2.

The constant values of the thermophysical properties of the

glass used are given in the text. The scales of the distance

and time axes are expressed in meters and seconds respectively.

Note that both axes are logarithmic. The temperature is

given in deg C above ambient. The maximum temperature change

of 660 deg C was reached at the surface at -10 Ps.

t

L ... . . .
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As expected in this case, because the rate of surface cooling is low,

the maximuma temperature occurs at the surface. The temperature then

falls relatively slowly during the cooling phase.

* The corresponding stress profile appears in Fig. 4. The various

thermal and elastic parameters used were: E =6.9 x 10 10Pa, v = 0.22,

a=9.2 x1.6,n=2.8x0-6Pa.s, Q=18991 deg C, and To =

48.8*C. During heating, compressive stress develops throughout

* the heated volume, its maximum occurring at the surface near the end

of the laser pulse. At high temperatures the viscosity of the glass

falls sufficiently to allow some of the stress to be relieved by

viscous flow. On cooling, the viscosity rapidly increases and thermal

contraction produces tensile stress that asymptotically approaches

2. a high value, and is frozen into the glass as it returns to the

ambient temperature. This residual stress (Fig. 5) is confined to

a thin layer ,, 0.2 A deep, near the surface.

We calculated the threshold irradiation required to produce

a residual failure stress, fai 1 f 6.9 x 10 6Pa. Figure 6 shows

* ~the results for square pulses. For pulses shorter than n~u 1 ins, the

threshold is approximately constant (within a factor of 2) and thermal

diffusion is relatively unimportant.

TABLE I

Failure thresholds for soda-lime gLass

Pulse Length Threshold irradiation (J/cm 2

pCalculated Measured

492 ns 1.5 1.4

11.2 u.s 2.2 2.1
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Table I gives the calculated th-sod for the experimental.

pulse shapes. The pulse lengths refer to equivalent square pulses with

the same peak power and total energy (-rp f(t) dt/max f). These
* .1 0

thresholds slightly differ from those calculated for square pulses1* -.4'because tfle residual stress depends not only upon the temperatures
reach~d but also upon the duration over which the high temperatures

are maintained. Since the square pulses deposit all their energy *
within the pulse time, thermal diffusion effects play a less important

role than they do for the real pulse shape and, as a result, we obtain

higher temperatures. However, since the real pulses continue to deliver

some energy after the pulse time, the high temperatures tend to be

maintained for longer times. In the case of square pulses, although

the maximum compressive stress is higher and the glass viscosity is

momentarily lower, resulting in a higher stress relaxation rate, the

overall relaxation achieved may be lower because the time available is

shorter than for the real pulses. Which of the two situations produces

the larger residual tensile stress depends on the details of each

calculation. In general the difference is expected to be small for

short pulses. For example, we calculated a 20% larger threshold

(2.2 J/cm 2 vs 1.8 J/cm 2 for the equivalent square pulse) for the long

experimental pulse whereas the difference was only 2% for the short

pulse.

Ir calculating the damage threshold, the main source of error is

in the uncertainty about the absorption depth of CO 2 radiation in glass.

Values derived from published optical data (Ref. 7) range from 2 P'm to

8 pm. We arbitrarily chose a value of 5pum, for it lies in the middle

of this range. The temperature dependence of the optical, thermophysical,

and elastic properties, which was neglected in our calculations, also

affects the accuracy of the results. In this respect, the accuracy
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FIGURE 4 -Calculated 1-D stress profile in soda-lime glass when heated

by the laser pulse described in Fig. 2. The depth from the

surface is given in meters and the time axis is in seconds.

Note that both axes are logarithmic. By convention, tensile

stress is taken as positive and compressive Stress negative.
Viscoelastic effects were taken into account. The values of

the physical properties used are given in the. tcext. On heating,*1 the material undergoes compressive stress due to thermal

~ I expansion followed by relaxation in the high temperatureJ
regions where the viscosity is low. On cooling, the viscosity

A increases rapidly and tensile Stresses develop because of thermal

contraction. In this case, high tensile stresses are confined

to a thin, nu 1-jim, layer next to the surface. At 1 s after

the laser pulse, the tensile stress is 3.5 x 10~ Pa and it

still increases aymptotically to 6.9 x 106 Pa when the

temperature returns to ambient. Failure occurs when the

tensile stress exceeds the fracture strength of the Surface.

Since the large stresses develop some time after the laser

pulse, failure can occur much later than the time of the laser

pulse. Indeed, crack failure was observed to occur in glass

up to several seconds after the laser pulse. The high

compressive stresses (a maximum of 5 x 10 Pa at 40 us)

produced during the heating phase do not cause failure

since the compressive yield stress for glasses is consider-

ably higher than the tensile yield stress.
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Log depth from surface (m)

FIGURE 5 - Residual tensile stress as a function of depth from the surface

of laser irradiated glass. The curves are from the model predic-

tions calculated for the measured waveforms of the long (11.2 Vts)

and short (491 ns) pulses. Although the stress produced by
* the short pulse remains high to a greater depth than that

produced by the long pulse, it falls off more abruptly and

does not penetrate as deeply. In both cases the stress

develops to a depth of 'v 1 um or 20% of the 5-Vm penetration

depth of the CO2 laser radiation.

2
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FIGURE 6- The threshold irradiation calculated from the model for

square pulses. The circles represent the measured thresholds

for 491 ns and 11.2 Ps pulses. Calculations using the

actual pulse shape yield estimates of the thresholds closer

to the measured values, as shown in Table I.
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of our thresholds predictions is somewhat fortuitous. However, the

relative thresholds for long and short pulses, and the observation

of failure occurring after laser irradiation indicate that the model

presents a good explanation of the damage phenomenon.

5.0 CONCLUSION

The residual, tensile stress induced during cooling after

irradiation by CO2 laser pulses, up to 1-ms long, caused glass

failure which appeared as surface fracture. At irradiation levels near

the threshold, the residual stress is confined to a layer about 20%

of the absorption depth. The threshold for damage can be calculated

from a I-D thermomechanical model which accounts for viscoelastic

effects and the actual laser pulse shape. The main source of error

arises from the uncertainty in the value of the absorption depth.
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